magnified when calcareous sands are used as the primary ingredient in sand root zones. Due to these nutriCalcareous sands are widely used in the construction of putting tional problems, turfgrass managers often have difficulty greens in the western USA. Plants growing on these sands frequently growing satisfactory turf on calcareous sands. Nutrient exhibit nutrient deficiencies and rapidly changing nutrient levels due to the low nutrient-holding capacity of this medium. Our objectives levels also change rapidly due to the low cation exchange were to determine the effects of N, P, K, and N ϫ K and P ϫ K capacity (CEC) and high leaching potential of these interactions on the growth of creeping bentgrass (Agrostis stolonifera media. included tissue tests and determinations of ball roll.
capacity (CEC) and high leaching potential of these interactions on the growth of creeping bentgrass (Agrostis stolonifera media.
Huds.) in calcareous sand greens. Measurements included visual rat- Fry et al. (1989) investigated P and K effects in similar ings of turfgrass quality, soil and tissue nutrient levels, and golf ball sands in Colorado and only observed significant P efroll distance. Creeping bentgrass plots receiving 5.5 kg P ha Ϫ1 yr Ϫ1 fects on turfgrass quality. Potassium effects were not had lower quality than the remainder of the treatments (27.5-110 kg observed, due in part to an inherently high K content P ha Ϫ1 yr Ϫ1 ). Interactions between P and K were not observed. Ball of the sands. Christians et al. (1981) included tissue tests and determinations of ball roll.
MATERIALS AND METHODS

M
ost golf courses and athletic fields in the Intermountain West use local materials in their conThis study was conducted on a research putting green constructed in 1995 to modified USGA specifications (USGA, struction. This is especially true for sands used in the 1993) in North Logan, UT. The sand used in the green differed construction of United States Golf Association (USGA) from USGA specifications by having a greater percentage of specification putting greens or athletic fields with modifine sands, with 23.1% of the mix in the 0.15-to 0.25-mm fied root zones. Unfortunately, many sources of sand particle size range and 12.1% in the 0.05-to 0.15-mm size in the Intermountain West are calcareous with slightly range. The root zone mix was specified at 95% calcareous alkaline pH.
sand (Brigham Sand and Gravel, Brigham City, UT) and 5% Calcareous soils arise from parent material such as peat to a depth of approximately 31 cm. The actual mix was limestone or seashells and contain more than 1% caltested in 1998 and contained 95% sand, 3% silt, 2% clay, and cium carbonate equivalent (CCE) but can be as high 0.5% organic matter. The putting green turf consisted of a 'Providence' creeping bentgrass. as 100% CCE (Carrow et al., 2001 ). Low-CCE sands Initial soil tests using a 0.5 M sodium bicarbonate solution (Ͻ10%) consist of silica sand particles with surface de- (Olsen and Sommers, 1982; Haby et al., 1990) using a modified Stimpmeter with the ball release notch at 19 cm from the beveled end (Gaussoin et al., 1995) . were initiated, primarily because of poor density and lack
In Year 3, a separate test was conducted on selected plots of growth.
in both experiments to measure soil test K at depths within Two separate, but related, experiments were initiated in the soil profile down to the gravel drainage layer. All replicates April 1999 and continued through September 2001. In Exp.
of the plots receiving the highest and lowest rate combinations 1, P and K rates were varied while N was held constant.
of P and K in Exp. 1 and N and K in Exp. 2 were sampled using Experiment 2 involved varied rates of N and K with constant a soil probe. The core was divided into sections representing levels of added P. In 1999, the fertilizer treatments (Table 2) depths of 0 to 7.5, 7.5 to 15, 15 to 22.5, and 22.5 to 30 cm. were divided among six applications between April and NoEach section was analyzed separately for K concentration vember. Fertilizer solutions (500 mL/plot) were applied using using a sodium bicarbonate extract (Haby et al., 1990 ). a pressurized plot sprayer. Some burning of the turf was ob-
The design of each experiment was a randomized complete served due to the high rates and high salt content of the block with three replications. Within each block, P and K fertilizer solution. In 2000 and 2001, the same yearly nutrient nutrient combinations in Exp. 1 and N and K nutrient combiamounts were divided among 12 applications to more closely nations in Exp. 2 were completely randomized. Individual plot simulate fertilization intervals on putting greens using soluble size was 1.5 by 1.5 m. Data were analyzed using analysis fertilizer sources and to prevent burning of the turf. Fertilizer of variance (PROC GLM) and correlation analysis (PROC solution volume was also increased to 1500 mL and applied CORR). Mean separation was done using Fischer's protected with a watering can. The plots were irrigated with 2.5 mm of LSD at a 0.05 significance level. The relationships between water immediately after the treatments were applied in all 3 yr.
turfgrass quality and soil test P and tissue P were determined Regular irrigations were scheduled to replace approximately using linear plateau analysis (PROC NLIN). All statistical 80% of the reference evaporation every 2 d, and turf was analyses were performed by SAS (SAS Inst., 2000) . mowed at 4 mm four times each week with clippings removed at each mowing. The summer growing seasons of 1999, 2000, and 2001 were nearly rain-free, so the water applied to the RESULTS AND DISCUSSION experiment was highly controlled.
Visual ratings of turfgrass quality were made at least once Phosphorus each month using a scale of 1 to 9 where 1 represents brown, dormant turf and 9 represents the best quality (Skogley and Creeping bentgrass turf responded to P treatments Sawyer, 1992) . Shoot density and color were also rated in a soon after the experiment began. Before the experisimilar manner at least once each year.
ments, the turf was lacking density, and leaves exhibited Soil samples from each plot were collected five times each characteristic purple deficiency symptoms. Plots receivyear using a soil probe to extract a core to a 15-cm depth.
ing 5.5 kg P ha Ϫ1 yr Ϫ1 had significantly reduced quality Soil test P and K were measured using a sodium bicarbonate (3.0 out of 9 on the turf quality scale) and were deficient extract (Olsen and Sommers, 1982) . Tissue samples were colas evidenced by the purple leaf coloration. The remainlected and analyzed yearly in early August. A random samder of the P treatments produced statistically similar pling of the plots was made yearly to monitor DTPA-extractable micronutrient levels. Golf ball roll distance was measured results ranging from 5.3 to 5.5 on the turfgrass quality scale. No interactions between P and K rates were observed. lated that 4-cm ball roll from the modified Stimpmeter, Phosphorus fertilization increased soil ( Fig. 1) and as used in this work, is equal to 15 cm on the unmodified tissue ( Fig. 2 ) P. Soil (Fig. 3 ) and tissue P (Fig. 4) were Stimpmeter instrument. Using this 4 cm as the noticealso related to turfgrass quality. According to linear able difference in ball roll distance, the 5.5 kg P ha Ϫ1 plateau regression analysis, soil test levels beyond 3 mg gave longer ball rolls than all other treatments; however, P kg Ϫ1 soil and tissue levels above 0.4% did not result noticeable differences are not present between the 27.5 in increased turfgrass quality.
to 110 kg P ha Ϫ1 treatments. Ball roll was negatively correlated with soil test P This work indicates that relatively low levels of soil (R ϭ Ϫ0.57; p Ͻ 0.0001). The lowest P application rate test P are needed by creeping bentgrass. Previously, (5.5 kg P ha Ϫ1 ) resulted in significantly longer ball roll levels greater than 7 to 12 mg P kg Ϫ1 soil (Olsen method) (56 cm) compared with the higher P rate treatments.
were recommended (Carrow et al., 2001) . These data This was due to the relatively thin stand of turf. Ball show that P levels can be kept very low, possibly discourroll was 52 cm on bentgrass receiving 27.5 kg P ha Ϫ1 aging annual bluegrass (Poa annua L.) (Waddington et and 50 and 49 cm on turf receiving 55 and 110 kg P al., 1978; Turner and Hummel, 1992) and reducing P ha Ϫ1 , respectively. While these ball roll distances are pollution concerns. significantly different, the actual difference on a putting green as experienced by a golfer may not be as large. Karcher et al. (2001) reported that the minimum ball Nitrogen is the nutrient that guides most putting green roll distance detected by players is approximately 15 cm fertilization programs. The 98 kg N ha Ϫ1 yr Ϫ1 rate did using an unmodified Stimpmeter. Using regression not provide acceptable turf quality (Fig. 5) . The 147 kg equations reported by Gaussoin et al. (1995) , we calcu- N ha Ϫ1 yr Ϫ1 rate was of marginal quality while the 244 rate treatment was significantly different than the other and 342 kg N ha Ϫ1 yr Ϫ1 rates were ranked best in turftreatments, with 62.5, 57.8, and 54.4 cm for the 147, 244, grass quality for nearly all evaluations, with the 342 and 342 kg N ha Ϫ1 yr Ϫ1 treatments, respectively. These rate being consistently higher in 2000 and 2001. Similar results are similar to other studies of N effects on putting bentgrass response patterns occurred in all 3 yr. These green speed or ball roll (Throssell, 1981 ; Rist and trends with bentgrass turf in response to N applications Gaussoin, 1997) . The lowest N rate, while fast, offered (Fig. 5 ) are similar to other N fertilization research unacceptable visual quality, so a compromise between (Waddington et al., 1972; Christians et al., 1979 ; Chrisvisual appearance and ball roll would be needed. tians et al., 1981) .
Nitrogen
High rates of K did not reduce the need for N in Exp. Nitrogen fertilization rates influenced tissue N con-2 as indicated by the lack of an N ϫ K interaction on centrations; however, tissue N did not plateau, even at turfgrass quality, opposite of the trends observed by 342 kg N ha Ϫ1 yr Ϫ1 (Fig. 6) . In work by Christians et al. Christians et al. (1979) . Tissue K was positively corre-(1981), chlorophyll content of bentgrass was observed lated with N fertilization rate (r ϭ 0.49; p Ͻ 0.0001) to increase even up to 586 kg N ha Ϫ1 yr
Ϫ1
. Uptake may and even had a stronger relationship than K fertilization plateau at rates higher than those tested here (Carrow rate and tissue K (r ϭ 0.13; p ϭ 0.09). These trends are et al., 2001), but higher rates could also be detrimental similar to the response reported by Christians et al. to overall turfgrass quality. Although the highest N fer-(1981) where at low N rates, tissue production increased tilization level gave the highest quality in these evaluawith increased K fertilization rates. The response might tions, this amount of N is excessive for most golf course be explained by K uptake being limited at low N rates turf in a cool-arid environment like northern Utah bebecause of reduced growth. The lack of N ϫ K interaccause of excessive growth and thatch production.
tions may have been affected by the generally low soil The lowest N rate plots exhibited the longest ball roll test K levels in these sands, even at the highest K fertil-(67 cm) compared with the higher N rates. Each N ization rates. This will be discussed in the following section. 
Potassium
Another explanation for the lack of a K response is the inability of the sand to absorb K due to low CEC and Potassium is the nutrient usually needed in the second subsequent leaching of K through the root zone. largest quantity by turf; however, no positive effect of Soil test K at various depths in the root zone indicated K fertilization rates was observed on turf quality (data that K was moving below the root zone (typically not presented). No significant differences among K lev-15-20 cm deep) and leaching out of the green (Table 3) . els were observed in 2000 or 2001. Higher rates of K Potassium levels were highest in the surface layer of reduced quality in 1999, but this was due to foliar burnall treatments and decreased with depth in the profile. ing caused by the high concentration of fertilizer salts.
Higher levels were observed at all depths for the higher The lack of response was unexpected, considering the K rates. More K at the surface is likely related to greater very low levels of soil test K at the start of the experiamounts of organic matter and a corresponding higher ment (Table 1) . Soil test K was increased slightly by K CEC. The higher K concentrations at depth with the application rates but not in proportion to the amount higher K rate treatments indicates some leaching was ocapplied (Fig. 7) . Tissue K showed a weak positive correcurring. lation with turfgrass quality (Fig. 8) . Tissue K negatively Mean soil test K ranged from 28 to 46 mg K kg Ϫ1 soil influenced ball roll distance, but a significant relation- (Fig. 7) . If the K fertilizer had remained in the root ship was observed only in Year 1 (Fig. 9) . zone, much higher K concentrations would be detected Lack of turf quality response to K has been observed in the soil test. For example, in a calcareous soil system in other research and was explained by the lack of stress (silt loam texture and 37% CCE), soil test K increased on the turfgrass and inherently high amounts of K pres-1 mg K kg Ϫ1 soil for each 5 kg K ha Ϫ1 applied (Koenig ent in the sands (Christians et al., 1981; Fry et al., 1989 Fry et al., ). et al., 2001 . In the present study, a similar response Potassium is known to increase tolerance to heat, would have increased soil test K approximately 240 mg drought, and traffic stresses (Turner and Hummel, 1992;  K kg Ϫ1 soil for the highest K fertilizer rate at the end Carrow et al., 2001 ), so future work should include the effects of traffic and water stress with K treatments. of 3 yr. Potassium removal in clippings would reduce 
